ABSTRACT. It has not been common to perform regular ultrasound examination of the fetus in equine practice, due to the increasing volume of the uterus caused by fetal development. The convex three-dimensional transducer is bulb-shaped and is able to observe wide areas. In addition, its operation is simple, making it easy to create appropriate angles for various indices using a transrectal approach. The aim of this study was to measure Thoroughbred fetal growth indices throughout gestation using a convex transducer and to clarify the detectable period of some indices for clinical use. We demonstrated changes in fetal indices, such as crown rump length (CRL), fetal heart rate (FHR), fetal eye and kidney and the combined thickness of uterus and placenta (CTUP). CTUP increased from 30 weeks of gestation, and FHR peaked at 8 weeks and then decreased to term. CRL could be observed until 13 weeks due to its wide angle, longer than in previous reports. Fetal eye and kidney could be observed from 10 and 28 weeks, respectively, and these increased with pregnancy progress. The present results showed the advantage of transrectal examination using a convex transducer for evaluation of normal fetal development. Although ultrasonographic examination in mid-to late-gestation is not common in equine reproductive practice, our comprehensive results would be a useful basis for equine pregnancy examination. KEY WORDS: convex transducer, fetal growth, thoroughbred, ultrasound. doi: 10.1292/jvms.13-0259; J. Vet. Med. Sci. 76(7): [947][948][949][950][951][952][953] 2014 Pregnancy loss in mares is one of the main factors that reduces reproductive efficacy. Previous studies have revealed cumulative seasonal pregnancy rates of 85-92% [8, 9] and foaling rates of only 69-79% [2, 8, 9] , suggesting that preventing pregnancy loss and subsequent abortion are important for improving the foaling rate in equine reproduction. Fetal stresses and insults resulting from placental incompetence are cumulative. Cellular damage and derangements of endocrine, metabolic and cardiovascular processes over time produce a syndrome described as intrauterine growth retardation (IUGR) [24] . Three periparturient events that have the most devastating effect on foal survival are hypoxia, infection and derangement of in utero development [40] . Periparturient monitoring should focus on detection of these events to permit timely prepartum therapy for the mare and to ensure attended delivery and early evaluation of the foal [40] . Ultrasonography of the equine pregnancy in advanced gestation is a discipline of relatively recent acquisition [10] .
Pregnancy loss in mares is one of the main factors that reduces reproductive efficacy. Previous studies have revealed cumulative seasonal pregnancy rates of 85-92% [8, 9] and foaling rates of only 69-79% [2, 8, 9] , suggesting that preventing pregnancy loss and subsequent abortion are important for improving the foaling rate in equine reproduction. Fetal stresses and insults resulting from placental incompetence are cumulative. Cellular damage and derangements of endocrine, metabolic and cardiovascular processes over time produce a syndrome described as intrauterine growth retardation (IUGR) [24] . Three periparturient events that have the most devastating effect on foal survival are hypoxia, infection and derangement of in utero development [40] . Periparturient monitoring should focus on detection of these events to permit timely prepartum therapy for the mare and to ensure attended delivery and early evaluation of the foal [40] . Ultrasonography of the equine pregnancy in advanced gestation is a discipline of relatively recent acquisition [10] . Furthermore, most of the initial studies were confined to the late gestational mare, and there is a relative paucity of data on assessment of the equine fetus at different stages of development [10] . For example, the diagnosis and treatment of ascending placentitis, which is one of the major causes of equine infectious abortion [14, 18] , have recently been researched [4, 20, 21, 25] . Ultrasonography is an excellent tool for monitoring fetal and placental changes in mares affected by placentitis [37] . Subclinical disease may also result in subtle ultrasonographic changes. Thus, early intervention in placental infections is likely the key to treatment success [37] .
In pregnant women, it is common to perform regular ultrasound examinations throughout the gestational period. Fetal growth is evaluated by crown rump length in early gestation and biparietal diameter, head circumference, abdominal circumference or femoral diaphysis length in late gestation [12] . Fetal well-being is also evaluated by fetal heart rate, amniotic fluid volume or umbilical arterial blood flow using ultrasound [23, 27, 36, 38] . In horses, transrectal ultrasonography is commonly performed at 2-3 weeks after ovulation for pregnancy check and at 5-6 weeks for early embryo loss check. However, subsequent regular ultrasonographic examination is not common. Assessing fetal development during later gestation may also be a valuable tool for identifying foals at increased risk of perinatal disease [11] .
In this respect, the equine fetus can be examined transabdominally throughout the latter two-thirds of gestation with a low-frequency transducer (2-3.5 kHz) [29, 32, 34] . Previous studies have provided fetal growth data in Thoroughbreds, Quarter horses, Standardbreds and Shetland ponies at 4-11 months of gestation via measurements of the fetal eye orbits, cranium, abdomen, thoracic width, intercostal spaces and aorta [11, [32] [33] [34] 39] . However, Hendriks et al. [17] noted large variability in previous reports, because of the relatively low number of animals examined, long inter-examination intervals and absence of serial examinations of individual fetuses. In addition, it may also reflect considerable differences in fetal growth among mares of different breeds, age, size and parity, as these factors significantly influence foal birth weight [3, 28, 39, 41] . A plateau in the growth of various fetal parts and considerable variations in fetal size during the last 1-2 months of gestation limit the utility of many ultrasonographic parameters for assessing fetal development [17] .
On the other hand, we succeeded in creating three-dimensional (3D) ultrasound images for the first time in equine reproduction [19] . Unlike conventional linear transducers, the convex transducer used in 3D ultrasound examinations in the previous report is bulb-shaped and was able to observe a wide area, particularly in the cranial direction, with regard to both angle (60 degrees) and depth (30 cm) without discomfort to the mare. Thus, we concluded that using a convex transducer via the transrectal approach is the most suitable procedure for imaging of the equine fetus during the first half of gestation. In addition, it is very easy to control angle in the rectum because of its shape and to obtain cranial views, whereas a linear transducer can only provide ventral views. The aim of this study was to measure Thoroughbred fetal growth indices throughout the whole of gestation using a convex transducer and to refer to the detectable period of some indices for clinical use.
MATERIALS AND METHODS

Animals:
In 2010 and 2011, a total of 16 pregnancies (in 10 healthy Thoroughbred mares) were examined. Mares were aged 9.4 ± 3.9 years (range; 4-15 years). Parity of the mares was 4.4 ± 3.3 (range; 0-9). Three of the mares were primiparous, i.e., carrying their first foal. Pregnancy period was 343 ± 6.9 days (range; 331-355 days). Mares were stabled at the JRA Hidaka training and research center (Urakawa, Japan). They were fed to maintain body condition scores of 6.0 to 7.0. Their diet included alfalfa, timothy, oats and permanent pasture during summer, and they were housed individually at night and compound feed was given as required during winter. All mares foaled as scheduled with no abnormalities detected in any foal. This study was approved by the Animal Care and Use Committee at Hidaka Training and Research Center.
Ultrasound examination: Mares were examined by transrectal ultrasound and were subsequently examined via a transabdominal approach. Ultrasonography was performed using a Prosound α7 (Hitachi Aloka Medical, Ltd., Tokyo, Japan) with frequency variability. For the transrectal approach, a linear transducer (UST-5821-7.5; 4-13 MHz; maximum depth, 15 cm) set at 8.0 MHz and a convex transducer (ASU-1010; 2-10 MHz; maximum depth, 30 cm) set at 8.0 MHz were used. For the transabdominal approach, a convex transducer which was set at 5.0 or 8.0 MHz was used (Fig.  1) . The transducer and frequency depended on fetal size. The linear transducer imaged to a depth of 15 cm and width of 60 mm, while the convex transducer imaged to a depth of 30 cm, a radius of 40 mm, and an angle of 60 degrees. Prior to transabdominal ultrasound, hair was removed from the ventral abdominal mid-line from the mammary glands to the xiphoid sternum, as appropriate. Mares were examined every week between 2 and 22 weeks of gestation and were then examined every other week until delivery. The duration of ultrasound examination varied from 15 to 30 min, depending on fetal position, presentation, posture and pregnancy period. All indicators were measured 2 or more times and were then standardized as means. All data in this study were obtained by the same person.
Combined Thickness of Uterus and Placenta (CTUP):
Transrectal measurements of the CTUP were obtained at the ventral aspect of the cervical pole, as described by Renaudin et al. [35] . We measured at least three regions and calculated mean values for each examination ( Fig. 2A) .
Fetal Heart Rate (FHR): FHR was examined in the heart or arteries using Doppler mode. Because fetal activity resulted in acceleration in FHR [1, 11] , we adopted the lowest value as FHR.
Crown Rump Length (CRL): CRL was measured transrectally. The convex transducer was rotated in the rectum such that the key axis view of the fetus which means the neck or body was straight, not lateral bending could be visualized (Fig. 2B) .
Fetal eye orbit: Fetal eye orbits were mainly imaged transrectally. All measurements were performed at the maximum orbital cross-section, using the lens capsule and inner margins of the vitreous body as landmarks. Eye width was cal- lipered from the margin of the anterior portion of the capsule of the lens to the inner margin of the optic disc. Eye length perpendicular to the eye width was then measured from the maximum length of the inner margins of the vitreous body (Fig. 2C) . We recorded the length and width and calculated the approximate volume (length × length × width), as described by Renaudin et al. [34] . Fetal kidney: Kidneys were observed in cross section transabdominally with anterior presentation and transrectally with posterior presentation. The image was frozen when the maximal cross sectional area of the kidney was obtained. We recorded the length and width (Fig. 2D ) and calculated the approximate area (length × width), as described by Renaudin et al. [34] .
Detection rate: We calculated the detection rate for particular organs as the number in which indices could be measured divided by the total number at each time point. Rates over 50% were defined as positive for detection. In addition, the approach was categorized into three cases; could be measured with transrectally a linear transducer, could be measured transrectally with a convex transducer and could be measured transabdominally with a convex transducer.
Statistical analysis: Results are expressed as means ± standard error of the mean (SEM). Data were analyzed by one-way ANOVA followed by Tukey's HSD test for multiple comparisons. Statistical analyses were performed using JMP software (SAS Institute Japan Inc., Tokyo, Japan). Significance was established at P<0.05.
RESULTS
The value of CTUP remained steady until 28 weeks of gestation, increased until term and reached 9.4 ± 1.3 mm at term (48 weeks) (Fig. 3A) . CTUPs after 38 weeks were significantly higher than those before 28 weeks (P<0.05). The echoic view of CTUP showed a bilayer structure with placental development (Fig. 2A) .
FHR could be measured from 4 weeks of gestation. FHR was 151.7 ± 9.5 bpm at 4 weeks and peaked 178.8 ± 5.7 bpm at 8 weeks, before decreasing gradually toward 68.0 ± 7.0 bpm at term (48 weeks) (Fig. 3B) . FHR values at 4 weeks and after 15 weeks were significantly lower than those between 5 and 11 weeks (P<0.05). Using the transrectal approach, we were able to perform measurements using the linear transducer until 9 weeks and were subsequently able to use the convex transducer between 10 and 32 weeks (Fig. 4) . CRL increased linearly from 18.0 ± 3.5 mm at 5 weeks of gestation to 157.4 ± 13.0 mm at 13 weeks, but the detection rate decreased rapidly after 10 weeks and was not detected after 14 weeks due to a lateral bending of the neck or body (Figs. 3C and 4 ). Up to 6 weeks, detection was possible with the linear transducer, but not after 7 weeks (Fig. 4) .
Fetal eye diameter increased with gestational age. The increases in width, length and area were similar (Fig. 3D) . Detection rate of eye was maintained between 60 and 90% after 10 weeks (Fig. 4) . Using the transrectal approach, detection was only possible between 15 and 17 weeks and after 44 weeks with the linear transducer. However, detection was possible throughout gestation with the convex transducer.
The fetal kidney was detected transabdominally from 28 weeks of gestation, and the value increased linearly (Fig. 3E) . Detection rate was 60-90% throughout gestation, depending on fetal position (Fig. 4) . When fetal position was dorsoventral or dorsosacral, it was difficult to observe fetal kidneys. 
DISCUSSION
The present study demonstrated the advantages of both transrectal and transabdominal examinations using a convex transducer for evaluation of fetal components, such as CRL, eye orbit, kidney and heart, in pregnant mares during particular periods of gestation. In addition, the benefits of CTUP measurement can be confirmed using a conventional linear transducer for evaluation of normal development of the placenta, as reported previously by Renaudin et al. [35] throughout the gestational period in pregnant Thoroughbred mares. We measured the same Thoroughbred mares in series in this study. Although ultrasonographic examination in pregnant mares is not presently common in equine reproductive practice, our comprehensive results would be a basis for equine pregnancy examination.
Recently, CTUP has become more widely used as an indicator of placentitis. The 95% upper confidence limit is a plateau of about 4 mm by 9 months of gestation, followed by an increase of 1.5-2.0 mm every month, reaching 12 mm in the last month in some breeds [35] . Another report indicated no changes by 200 days, followed by a rapid increase from 250 days to term and a 95% upper confidence limit of 12.1 mm in primiparous and 12.6 mm in multiparous mares in the last period of gestation in Dutch Warmbloods [17] . These data were similar to those of the present study showing a 95% upper confidence limit of 11.2 mm (8.59 ± 1.29 mm) in 11 multiparous Thoroughbred mares at term, despite the CTUP data being obtained in different breeds.
Several reports have investigated FHR in late gestation [1, 33] or middle gestation [11, 17] . Hendriks et al. [17] reported that it was approximately 145 bpm at 100 days and 75 bpm at term in Dutch Warmbloods transabdominally. Bucca et al. [11] also reported it at rest transabdominally and transrectally, and the results were approximately 115, 110, 105, 90, 85, 75 and 65 bpm at rest at 6-12 months of gestation (breeds not shown). Our results showed that FHR could be measured using a linear transducer until 9 weeks and could not be subsequently measured because fetal position moved ventrally and cranially.
Hendriks et al. [17] showed a linear approximation formula after 100 days, but our results did not show a linear formula; the decrease was initially larger, then smaller in the middle gestation period and larger again before delivery. Our results were similar to those measured previously by Bucca et al. at rest [11] (Fig. 3C) . As in humans, episodes of FHR variability in equine fetuses (accelerations and decelerations) increase in frequency as gestation progresses, and transient (15-30 sec) acceleration usually coincides with periods of fetal activity [1, 11] . Thus, we repeated measurements several times and adopted the lowest scores, rather than mean scores. Persistent bradycardia or tachycardia is generally an indication of fetal stress, where bradycardia is often a result of central nervous system depression due to hypoxia [5, 11] , and has been associated with a poor outcome in humans [16] and pregnant mares [1] . When abnormal FHR was detected, fetomaternal electrocardiography, which is capable of successive monitoring, may be useful [22, 26] .
There are few original reports on equine fetal CRL based on a gross anatomical study [6, 7, 13] . These data have been used to estimate fetal age. Previous reports have presented ultrasonographic data of CRL up to 55 days of gestation transrectally, but it is difficult to place a linear transducer in a true longitudinal orientation with respect to the fetus [15] . The convex transducer we used was bulb-shaped and was therefore easy to control in the rectum, in contrast to conventional linear transducers. We were able to measure CRL until 6 weeks using linear transducer, but could not place the transducer in a correct longitudinal orientation after 7 weeks. Using convex transducer, the CRL was measured CRL up to 13 weeks. After 10 weeks, lateral bending of the neck or body made further measurement impossible. Our results were consistent with previous ultrasonography data before 55 days [15] and with actual measurements taken before 14 weeks [6, 13] .
Fetal eye orbit initially has a globular shape, but it develops into an orbital shape, in which the width is smaller than the length. Previous studies have used the sum of two diameters (length and width) of the orbit [11] , approximate volume (width × length × length) [34] or length alone [39] . Turner et al. [39] compared the length, width and the ratio of length to width and concluded that the length is the best single predictor of days before parturition in small ponies. This result also means that the eye length is a better predictor of fetal size than the width or ratio of length to width. Our results also suggested the usefulness of eye length alone, because the increase in length with gestational age is larger than that in width. One previous report showed linear increases in the sum of two diameters [11] , but another showed a plateau beginning at about 9 months of gestation [39] . Renaudin et al. [34] suggested that approximate eye volume was also the only eye parameter that had a linear relationship with time. It was difficult using our procedure to image the entire width of the eye, resulting in variations in scores. Approximate eye volume in our results showed linear increases in late gestation, but showed exponential increases in early gestation. This may be because eye orbital shape changes from a globular into a convex shape (the increase in width is smaller than that in length). Fetal eyes could be readily examined until 16 weeks, but were then maintained at 60-90%. The main reasons for failed examination were posterior presentation at 17-26 weeks and neck bending or forelimb extension with anterior presentation after 28 weeks. Imaging with the linear transducer was only possible between 15 and 17 weeks and from 44 weeks to term. During other periods, observation of fetal eye orbit required the convex transducer, as the fetal head was positioned in the cranial-ventral direction.
The fetal kidney was easily detected transabdominally, but there have been few reports on this issue [34] . Renal shape was amorphous, and the visualized shape varied depending on the angle of the transducer. However, it could be measured in cross-section by using ribs as landmarks. Renaudin et al. [34] measured renal length, width and cross section area (length × width) and determined the linear relationship between the cross-section area and day of gestation. Increases in the length and width of the kidney had a linear relationship with weeks of gestation, resulting in an exponential increase in cross-sectional area (length × width) in the present study. The present data were supported by previous reports noting that kidney weight relative to fetal body weight was approximately 10% at 4-5 months, 7-8% in each subsequent month and 6.6% at birth [31] . The fetal kidney was detected frequently (>60%) between about 30 weeks and term; thus, it may be a useful index of fetal growth. At near term, detection rate decreased, because fetal lumbar was situated on the maternal xiphoid sternum based on fetal development.
Previous reports have shown a plateau in the eye orbital diameter and biparietal diameter in late gestation [17, 39] . The greatest increase in CRL occurs in mid-gestation, although weight gain increases to a maximum near term [30] . CRL reflects the growth of the head and the vertebral column, and weight is mainly determined by the developing muscles and other soft tissues [30] . It is clear that the developmental stages of organs are different [31] . For example, organs, such as the heart, liver and kidney, showed greatest relative development at 4-5 months of gestation, while the spleen peaks at 8-9 months [31] . Therefore, establishment of developmental curves for each anatomical part and organ in the fetus may be useful for clinical applications of ultrasonography. Moreover, it will be important to understand the gestational periods when each index can be observed and the detectable rates for quantitative evaluation.
From the present study, we concluded that transrectal ultrasonographic examination to assess the development of fetal components using a convex transducer is very useful from the view point of operability, particularly in the cranial direction. FHR and eye orbit were observed throughout gestation transrectally using a convex transducer, whereas only limited periods of observation were possible with the linear transducer. The present results also suggested that fetal development should be evaluated using several parameters, during suitable periods of gestation, e.g., CRL during the first trimester, eye orbit during the second trimester and kidney and CTUP during the third trimester of gestation in mares. This new method should be added to assess fetal development in high-risk pregnant mares in order to widen the diagnostic window and also contributes to effective monitoring, such as early diagnosis, early treatment or treatment evaluation. In practice, high-risk mares should be subjected to regular monitoring with the transrectal approach, measuring FHR, CRL, eye diameter or fetal activity after 6 months of gestation, when the abortion rate increases [18] , except in mares that already show clinical findings. If findings, such as blood hormone levels, clinical findings or prolonged gestational period, are observed, the transabdominal approach should be added for advanced monitoring.
